
NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICAL NOTE 3937

A COMPARISONOF TYPICAL NATIONAL,GASTURBINEESTABLISHMENT

ANDNACAAXIAL-FLOW COMPRESSORBI&DE SECTIONS

IN CASCADEAT LOWSPEED

By A. Richard Felix andJames C. Emery

LangleyAeronautical Laboratory
Langley Field, Va.



A COMPARISONOF

m NACA

By A.

TECHNICALNom3937

TYPICALNATIOfi‘%STURBINEES’IYSELISEMENT

AXIAL-FLOWCOMPRESSORBLADESECTIONS

IN CASCADEAT LOWSPEED1

RichardFelixandJamesC. Ehnery

SUMMARY

Comparativelow-speedcascadetestsof theNGTE(National.Gas
TurbineEstablishmentof GreatBritain)10C4/30C50andNACA65-(I-2Alo)10
axial-flowcompressorbladesectionswereconductedat air-inletangles
of 300,45°,and 60?anda solidityof 1.0by usingtheporous-wall
technique.ThesetestsindicatedthattheNGTE10C4/30C50andNACA
65-(12A1o)1Osectionshavesimilarperformsmcecharacteristics,thatis,
turningangles,dragcoefficients,andoperatingramges.Examination
of theblade-surfacepressuredistributionsindicatedtkattheNACA
65-(KY110)10sectionwouldhavea slightlyhighercriticalMachnumber
thantheNGT!E10C4/30C50sectionat or neardesignconditions.

Theperformanceof theNCYTE~C4/30C50axial-flowcompressorblade
sectionas givenby NGTEdesignchartswas comparedwithNACAtestsof
thissection.Significantdifferencesin turninganglewereobserved.
Thesedifferencesareattributedto thefactthatNGTEtestswerecon-
ductedin solid-walltunnelsandtheNACAtests,inporous-walltunnels.

AlthoughtherearedifferencesbetweenBritishandNACAforce-
analysisequations,fora givensetof testresults,theliftanddrag
coefficientsobtainedby usingtheseeqwtionsagreeclosely.

INTRODUCTION

Inasmuchas bothBritishandNACAaxial-flowcompressorbladesec-
tionsareusedin aircraftgasturbinesconstructedinthiscountry,a
performancecomparisonwas desiredbetweena typicalNACA65-seriessec-
tionhavinga constant-loading(a = 1.0)meanlineanda typicalBritishC4

%upersedesrecentlydeclassifiedNACAResearchMemorandumL53B26a
by A. RichardFelixandJsmesC. Emery,1953.
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sectionhavinga circular-arcmeanline. Forthiscomparison,theNACA
65-(1.2A10)10andNGTE10Ck/30c50sectionswerechosensinceprevioustests
indicatedthatthesesectionshavesimilarliftcoefficientsat the

‘%

designangleof attackin cascade;thetestsweremadein a 5-inchlow-
speedcascadetunnelat theLangleyLaboratoryby usingtheporous-wall
technique(ref.1). Theaimof thesetestswas to determfne,within
thelimitationsof two-dimensionallow-speedcascadetests,therela-
tivemeritsof theaforementionedsectionsas to operatingrange,sur-
facepressures,andminimumdragvalues. A secondob~e$tivewas tw
establishanydifferencesbetweenNACAandNGTEresultsattributableto
differentitunneleffectsandtestingtechniques.Thetestresultsfor
theNGTE10C4/30C50sectionwereobtainedfromreferences2 and3.

SYMBOLS

All synibolsusedinthispaperareNACAsymbolsunlessotherwise
indicated;however,forconvenienceboththeNACAnotationandtheNGT.E
notationare includedinthelistof symbols.Figure1 presentsa com-
parisonof thenotationsused.

NACA NGTE

A aspectratio AR

b bladespanor height,ft H

c bladechord,ft c

cd sectiondragcoefficient CD

Cz sectionliftcoefficient CL

1? force,lb

g gaporpitch,H. e

L/D lift-dragratio L/D

M Mch number %

P staticpressure,lb/sqft P

P totalpressure,lb/sqft Ptot

AP total-pressureloss,lb/sqft a

—
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E
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meantotalpressureloss,lb/sqft z

dynsnicpressure,.lb/~qft q

Reynoldsnumber Rn

pressurecoefficient

incrementalpressurecoefficient

blademaximumthickness,percentc

velocity,ft/sec

normalvelocitycoefficient

angleof attack,deg

airangle,deg

bladesetting

tuzningangle

massdensity,

solidity,~
g

angle,deg

or deflection,deg

slugs/cuft

blademean-lineangle,deg

incidence,deg

camber,deg

deviation,deg

cauiberinletangle,deg

csmberoutletangle,deg

loadingfactor

t

v
vn*

i+xl

a

E

G =al-~

P
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Subscripts

axialcomponent

momentum

referredto vectormeanvelocity

relativeto rotorblade

tangentialcomponent

upstreamoflbladerow

downstreamofbladerow

pressure

incidence

designcondition

localcondition

isolatedairfoilcondition

outsidewake,freestream

infinitepitchingcondition,that
is,isolatedairfoil

optimumcondition

stallcondition

Thesuperscript‘* indicatesthenominalcondition.
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m

w
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AIRFOILSECTIONDESIGNATIONS

In thedesignationNACA65-(L2A10)10,thefirsttwodigits,65, refer
to a particularthicknessdistribution;thesecondtwodigits,12,indi-
catethe isolatedairfoillifi-coefficientIn tenths;theAlo describes
theloadingdistribution(ref.4);andthethirdpairof digits,10,denotes *-
themaximumthicknessinpercent-chord.

--
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In thedesignationNGTE10C4/30C50,thefirsttwodigits,10,

denotethemaximumthicknessin percentchord;C4 indicatesa thickness.#- distribution;30 indicatescsniberanglein degrees;C refersto thetype
of meanline,in thiscase,circulararc;and50 is thedistanceof the
pointof msximumcamberfromtheleadingedgeinpercentchord.

TESTAPPARATUS

TunnelConf@uration8

Theequipmentusedin thesetestswas a 5-inchlow-speedcascade
tunnelat theLangleyLaboratorydescribedin reference1. A descrip-
tionandlayoutof a typicalNGTElow-speedcascadetunnelispresented
in reference5. NGTEandNACAlow-speedcascadetunnelsare similarin
generallayout.AJmostallthesetunnelsdischargeto theatmosphere
andarepoweredby variable-speedcentrifugalor axialblowers.Honey-
conibssreusedto removeany swirlfromtheairYandscreensare
installedin thesettlingchsziberto insurea uniformvelocitydistri-
butionenteringthetestsection.TheNGTEcascadeshavecontraction
ratiosenteringthetestsectionof between7:1andI-2:1;whereasthe
ratiosarebetween20:1and40:1intheNACAtunnels.The important
differencesbetweenNGTEandNACAlow-speedcascadetunnelsarein the
regionof thetestsection.Theporous-walltechniqueis employedin
theNACAlow-speedcascadetunnels.Thesidewalls(fig.2)axe porous
in thetestsectionandarefittedwithslots1 chordupstreamof the
blades.Flexibleporousendwalls(fig.2) areusedin thetestsec-
tionandrigidporousendwallsareusedsheadof theblading.Since
theboundarylayeron thesidewallshada greaterdistanceto travel
nearoneendwallthantheother,a poroustriangularinlet-air-angle
plateis installedat inletairanglesof 45°or more. me mm tun-
nelsuseonlysuctionslotsbetweeneachof tieendbladesand theend
wallsforremovingtheboundarylayer(ref.5).

A seven-bladecascadeis thearrangementusuallyusedat NACA,but
a largernumberof blades, usuallyabout13,isusedby NGTE. Blade
chordsare similar;NACAuses5-inchchordsandNGTE,4-inchchords.
Ithasbeenshownin reference1 that,in a porous-walltunnel,results
independentof aspectratiocanbe obtained.Therefore,forconserva-
tionof powerand convenienceof manufacture,NACAcascadeblades
usuallyhavean aspectratioof 1.0. TheNGTEbladesordinarilyhave
an aspectratioof 4.0.

..

_*

TheyawprobesmostfrequentlyusedinboththeNACAandNGTEtun-
nelsareof theclawtypeand,morerecently,theprismor arrowhead
type(ref.6). The comnonmultitubetotal-pressurerakeis usedin the
NACAtunnelsformeasuringlosses,whereasa singletotal-pressuretube
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coupledwithan electricpressure.record~..isUsed_intheNGTEtunnels.
-.

InbothNACAandNGTEcascadetesting,pres~es”~ airanglesareordi-
narilymeasuredat midspan.Theaccuracyof themeasuredairanglesis
*O.250.

-m

ReynoldsNumber

TheReynolds“M.unbersof mostof theNACAandNGTElow-speedcascade
tests,basedonbladechordsand inletvelocities;”fallroughlyin the
rangefrom1.5x 105t-o5.0x 105. Becauseof the..widelyvaryingturbu-
lencelevels‘ofvariouscascadetunnels, effective~eynoldsnumberis
frequentlyusedwhen”datafromdifferent-tunnelsaiebei-~compared.
EffectiveReynoldsnumberis definedas themeasuredReynoldsnumber
basedonbladechordandinletvelocitytimestheturbulencefactor
(ref.7). Hot=wireanemometermeasur@nentsin thelow-speedcascade
tunnelsat theLangleyLaboratoryindicatedturbulencelevelsof 0.4per-
centof thefree-streamvelocityandless. The cmrespofidingturbulence
factoris about1.2 (ref.8). Fromspheretests,~twas determinedthat
theturbulencefactorof theNC5TElow-spe=d.cascadesisneti2.0 (ref.7).
Thetestsmadein the~-inchlow-speedcascade”t~el.fmrthisreport
wererunati-~ffectiveR=yrioldsnumbersnear2.8x 105;whereastheNGTE
testsfromreference2
4.0 xlo~.

Comparisonof

wererunat effectiveReynoldsnumbersnear

RESULTSANDDISCUSSION

PerformanceCharacteristicsof theNGTE

andNACAAxial-FlowCompressorBladeSections

ThecomparativetestsofitheNGTF-10C4/30C50andNACA65-(12A10)10
sectionswereconductedin the5-inchlow-speedcascadetunnelat the
LangleyLaboratoryat air-inletanglesof 30°,45°,and60°anda
solidityof 1.0by usingtheporous-walltechnique.Ordinatesof the
10C4/30C50and65-(12A10)10sections(fig.3) areshownin tablesI
and11,respectively.Thesimilarity-ofthe300circular-arcmeanline
andtheconstant-loading(a . 1.0)meanlinecsmiberedforan isolated
airfoilliftcoefficientof 1.2maybe seenfn figtie4. Themaximum
divergencebetweenthetwomeanlinesis 0.7percentchordandoccurs
at–the10-percent--and90-percent-cho”rd”stations.“_

!lhrrninganglesanddragcoefficientareplottedagainstangleof
attackforair-inletanglesof 300,45°,a~60° in figures5, 6, and7.
Theangle-of-attackscalesforthetwobladeshavebeenshiftedso that

.

.-
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thedesignanglesof attackarealined.Thesedesignanglesof attack
werechosenby theNACAmethodof inspectingtheblade-fiuxfacepressure*.
distributions(ref.9). In general,theturninganglesanddragcoef-
ficientsof thetwobladesectionscomparecloselyat theconditions
tested.Operatingrangeis definedas theangle-of-attackrangewithin
whichthedragcoefficientis twicetheminimumvalueor less. Thedrag
curvesindicatethatbothsectionshavea broadoperatingrangeof about

- ~“, and18°at 131= 600;thelawminimum23°at ~ = 30°,20°at ~l.-
dragvaluesindicateefficientsectionoperation.The irregularitiesin
thedragsof bothbladesnearthedesignangleof attackat i31= 30°
and600are theresultsof theseparationof a laminarboundarylayeron
theconvexsurface(ref.9).

Comparisonof blade-surfacepressuredistributionsnearthe design
turningangleat theair-inletanglesof 30°,450, and60°arepresented
in figures8, 9, and 10,respectively.On boththe convexand concave
surfaces,theNGTEsectionhashigherpeakpressurecoefficientsthan
theNACAsectionbecauseof thegreaterthicknessof theNGTEsection
nesrtheleadingedge;thisfactindicatesthattheNACA65-(12A10)10
sectionwouldhavea highercriticalMachnumberthantheN(YTE10C4/30C50
section.

.B

--

As a furthercomparison,the changeinblade-surfacepressureswith
a changein angleof attackat severalchordwisestationswasplotted
forboththeconcaveand convexsurfacesof theNACA65-(L2A10)10and
NGTE10C4/30C50bladesections.Theincrementalpressurecoefficient
‘P is definedas thedifferencein thepressurecoefficientCP at
someangleof attackand ~,d at thedesignangleof attack. These
plotsweremadeforthesameconditionsof air-inletangleandsolidity
as theprecedingcomparisons.Figures11 to 14 presenttypicalrelations
betweenLCp and a at the10-and60-percent-chordstations.The
relationshipis approximatelylinearand canbe representedby a slope
Mp /&. The chordwisevariationof thisslopeonbothsurfacesof the
NACA65-(12A10)10andNGTE10C4/3(X!50bladesectionsis shownin fig-
ures15 and16. Thedatapresentedin figures11 to 16 includeseveral
pointsobtainedfromcascadetestsconductedat an effectiveReynolds
numbernear500,000as wellas datapreviouslypresented.Thereis no
effectof air-inletangleon ~/LcL overthefirst10 percentof the
convexsurfaceof theNACA65-(M10)10 bladesection(fig.17). Rear-
wardof the 10-percent-chordstation,theeffectof air-inletangle
becomesverynoticeableon the convexsurface;Kp/L!a is decreasedas
theair-inletangleis increased.On the convexsurfaceof theNGTE
10C4/30C50bladesectionan effectof air-inletanglebecomesapparent
rearwardof the7.5-peYcent-chordstation,whereason the concaveSLU--

facetheair-inletanglechangesdidnotaffect ~/LrL. A comparison
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of figures15 and16
convexsurfacewhere
attack,the ACp/ZkL

NACATN 3937

indicatethat,overthefirst40 percentmfthe
thehighestvelocitiesoccprneardesignangleof
valuesof theNGTEandtheNACAsectionsagree

-.

a---
●

within10 perc~t. Thus,the incrementalvelocitiesdueto angle-of-
attackeffectsaresimilarforthesesectionsdespitetheirdifferences
in leading-edgeradius,thicknessdistribution,andmean-lineshapes.

Figures15 and16 maybe usedin con~unctionwiththedesignblade-
surfacepressuredistributionsin figures8, 9, and10 to predictblade-
suxfacepressuredistributionsforair-inletaaglesbetween30°and@o
at anynonstalledangleof attack.If thedesiredblade-surfacepres-
suredistributionis for“air-inletsinglesof 300,45°,or @o, the
LC.#xL valuesin figures15 or 16, dependingon whichbladesectionis
beingused,canbe applieddirectlyto figures8, 9, and10. If,how-
ever,thedesireddataareforair-inletanglesotherthan30°,45°,or
600,an interpolationmustbe performedto obtainthedesignblade-
surfacepressuredistribution.Thenthe.~/l!u valuesareappliedas
intheformercasetu findtheoff-designblade-suYfacepressure
distributions.

As previouslypointedout,theNACA65-(UA1O)IOandNGTE10C4/30C50
bladesectionsproduceliketurninganglesat theirdesignanglesof
attack;thisfact~ndicatesthesimilarityof theeffectivecambersof
theNACAconstant-loadingmeanlineandthecircular-arcmeanline. The -.
agreementof thewag curvesshowsthe similarprofile-losscharacter-
isticsof thetwobasicthicknessdistributions,theNACAb~-seriesand
theNGTEC4. Sincethevariationof the incrementalpressurecoefficient -
withangleofattackis similarforthetwobladeeections}ib appears
that,nearcriticalspeeds,thedesignblade-surfacepressuredistribu-
tionsarethemostimportantdifferencebetweentheNACA65-(I-2A10)10
andtheNGTE10C!4/30C50sectdxns.

Comparisonof NGTEandNACALow-SpeedCa6cadeTest-s

of theNGTE10C4./3OC5OSection

At theNationalGasTurbineEstablishmenta cascadehatingonecom-
binationof~olidityandcambeiistestedthrougha rangeofianglesof
attackwiththebladesettingangleheldconstant,..whereasat theNational
AdvisoryCormnitteeforAeronauticstheair-inletangleisheldconstant
forthetests. Therefore,in orderto comparethedatafortheNGTE
10C4/30C50section,as reportedin-references2 and3,“WithNACAtests
of thesamesectionatiair-inletanglesof 30°,45d,and600anda
solidityof 1.0,theNGTEdatawererecalculatedandreplottedto make
themcomparablewiththeNACAte@s. Themethodsusedin recalctiting
thedatafromreferences2 and3 arepresentedin append$xA. (A

a

--
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.
comparisonof theNACAandBritish
equationsispresentedin appendix

9

incompressiblecascadeforce-analysis
B.)

u-
Graphsof’angleof attackagainstturningangleanddragcoefficient

wereplottedforeachof theair-inletanglestestedandsrepresentedin
figures17,18,and 19. At an air-inletangleof 30° (fig.17)the
slopesof thecurvesof angleof attackplottedagainstturningangle
forbothsetsof dataaresimilar.The turninganglesfromtheNGT13
dataareconsistentlyabout20 higherthantheNACAtestresultsnear
thedesignangleof attack.Thedragcurvesshowfairagreementas to
minimumvaluesandoperatingrage. ThedragcurvefromtheNACAtests
indicatessomelsminarseparationat lowanglesof attack.

At en air-inletangleof 45° (fig.18),theNGTEturninganglestie
slightlyhigherthantheNACAanglesthroughoutmostof theangle-of-
attackrange. Themaximumdifferenceneardesignangleof attackis
about1.7°. Thedragcurveshavesimilarminimumvaluesalthoughthe
NACAtestdataindicatea slightlywideroperatingrangethantheNG!13
data.

At am air-inletangleof 60° (fig.19),theslopesof thecurves
of angleof attackplottedagainstturningangleforbothsetsof data
becsmesomewhatdivergent.As was thecaseat theotherair-inlet
angles,theNGTEturninganglesaregreaterthantheNACAturningangles,
but at thisconditionthedifferencesbecomeexaggerated,particularly
at thehigheranglesof attack.Thesedifferencesarecorroboratedin
reference1 whichindicatesthattheturninganglein a solid-wa~tun-
nelat A = 1.0 agreeswellwiththeporous-walldatahut thatthe
turningangleincreasesas theaspectratioincreases.AlmostalJ
theNGTElow-speedcascadetestsareconductedwithbladeshaving
A= 2.0 or more;therefore,turninganglesgreaterthantheporous-wall
turninganglesareto be expected.ThedragvaluesfromtheNGTEdata
indicatea slightlylowerminimumdragcoefficientthantheNACAtest
results.However,lsxninarseparationhasaffectedtheNACAdragvalues
in theregionof thedesignangleof attack.Testdatafromreference1
indicatethat,at lowspeeds,dragdecreaseswithincreasingReynolds
number;therefore,caremustbe exercisedin comparingdragcoefficients
fromlow-speedcascadetestsin varioustunnelshavingdifferentturbu-
lencefactors.

CONCLUDINGREMARKS

.

. .

Low-speedcascadetestsat air-inletanglesof 30°,45°,and600
anda solidityof 1.0madeby usingtheporous-walltechniqueindicate
thattheNGTE10C4/30C50andtheNACA65-(12A10)10axial-flowcompressor
bladesectionshavesimilarperformancecharacteristics.Blade-surface
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pressuredistributionsindicatedthattheNACA65-(12A10)10section
wouldhavea slightlyhighercritical.Machnumbertl@ntheNGTE10C4/30C50 .
section. . .

Theperformancecharacteristicsof theNGTE10C4/30C50sectionas
indicatedby NACAtestsshowfairagreementwithNGTEdataat air-inlet

.-

anglesof 300, 45°, and@o anda solidityof 1.0. TheNGTEturning
anglesare,in general,slight-lyhigherthantheNACAanglesat the
conditionstested,thegreatestdifferencesoccurringat an air-inlet
sm.gleof 600. Themaximumdifferenceneardesignaiigleof attackis of
orderof 3.0°. Thesedifferencesareattributedto thefact-tha%he
NGTEtestsare–conductedin solid-walltunnelsandtheNACAtestsin
porous-walltunnels.DatacomparingNACAporous-walland solid-wall
low-speedcascadetestsshowdifferencessimilartithosefoundin the
presenttests.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,February27,1953.
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APPENDIXA

RECALCULATIONOF NGTEDATA

In thisappendix,thedeflectione andthedragcoefficientCD
areto be calculatedfromdatain references2 and3 whentheblade
settingangle ~, thepitch-chordratio s/c,andtheair-inletangle al
havebeenassumed.NGTEsymbolsareusedthroughoutappendixA.

Recalculationof Datamom Reference2

Theconditionsto be assumedareas follows:

Airfoil. . . . . . . . . . . . . . . . . . . . . . . NGTE10C4/30C50
Bladesettingsngle,~,deg . . . . . . . . . . . . . . . . . . -26
Pitch-chordratio, s/c. . . . . . . . . . . . . . . . . . . . . 1.0
Bladeinletangle, P1,deg. . ... . . . . . . . . . . . . . . . 41
Bladeoutletangle,j32,deg . . . . . . . . . . . . . . . . . . Id_
Air-inletangle, al,deg. . . . . . . . . . . . . . . . . . . . 45

. Incidence,i,deg . . . . . . . . . . . . . . . . . . . . . . . 4

The’deviationis givenby

.

--

where m isa functionof thebladesettingangleandthepositionof
maximumcamber(fig.6 of ref.2);therefore,

b =0.255 X 30 X 1.0= 7.7°

Since 5 =% - $2,

a2,opt=p2+5

= 11+ 7.7

= 18.F

Thenextstepis to findtheoptimumincidence~opt by a method
of successiveapproxhationsas in appendixII of reference2.
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First”approximation.-Let

iopt= 00

then

%, opt
= 4~o

~2,0pt= 10.70

~opt= q,opt-– ~2,0pt

and,by definition,

Thus,by definition,

tan~,opt .

.

=

and

=41- 18.7

. 22.30

NACATN 3937

.

~,opt = 31.10

Fromreference7 (the CD termbeingneglected),

%, Opt = 28(tm ~l,opt - tan cc2,0pt)cosfi,opt

= 2 x 1.0(0.869- 0.338)0.856

= 2 x 0.531X0.856

= 0.909
—

Fromreference2,

iopt= & + iapt,m

.

.

-L

—

-.
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Fromfigure5 of reference2,

‘Opt, m = -4. 75*

andfromfigure2 of reference2,

vn* = 0.151

and

Ai=

.

and

iopt =

a

-.

‘n%y 57.3

0.151x 0.909x 57.3
2 x 1.0

3.910

3.91 -4.75

-0.840

as comparedwiththea6sumedvalueof OO.

then

Secondapproximation.-Let

iopt= -1.00

‘%,opt= 40.0°

a2jopt= 18.7°

and,by definition,

‘opt=40.0 - 18.7

= 21.3°
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Thus, .

‘an%n,opt= :(0.839 +0.338)-.

= 0.588

and

%, opt= 30.40

Usingtheequationfor CL,opt fromreference~ andtheprecedingvalues
yields

cL,opt= 2 X 1.0(0.839- 0.338)0.862

= 2 x 0.501 x 0.862

= 0.864

Thus,fromreference2,

iopt,m = -4.750

Therefore, —.

and

~ =0.151x0.864 x57.3
2 x 1.0

= 3.75°

iop~ = 3.75 - 4-.75

= -1.00

as comparedwiththeassumedvalueof -1.OO.

Theloadingor liftcoefficientbasedon outletvelocityis desig-

.—

—.

()COB0+ 2
nated $ in reference2 and is equalto CL (seeref.10).

Cos~



.

*“
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Therefore,

(Cos%, Opt

)

2

$opt= cL,opt ~
tCos%, Opt

+()0.947’2= 0.86 —
0.862

= 1.044

Fromreference2,

= 1.044x 1.2

= 1.254

Fromfigure19 of reference2,

is - iopt= 6.80

and

i - iopt= k - (-1.0)
is - iwt 6.8

5.0=—
6.8

= 0.735

lRromfigure20 of reference2,

15

E-E opt= 0.610
is - iqt
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Solvingfor c yields

E- 21.3 = 0.610 x 6.8

E s 21.3 + 4-.1

E = 25.4

By definition,

a2=cL1-e

Thus,by substitution,

a2 =45 -25.4

= 19.6°

Fromfigure14 of reference2 forthevaluesof ~,opt and ewt pre-
viouslycalculated,

p
.L =60E/wt

..

_-

ami

CL,opt
cD,oPt= ~

(TD opt

_ 0.864
60

= 0.0144

Thus,by definition,

tan~ .~(tan al + tan~)

=~(1.000+ 0.775)
2

= 0.678
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..
and

*“ %= 34.10

Fromfigure20 of reference2 theratioof ~ to = at iopt is given
as

= 1.330
(m);qt

By definition,

%- Cos~

!D,opt= (~):optCo*%n,opt

= 1.330x=
0.862

= 1.278

By substitution,

~ = 1.278 X 0.0144

= 0.0184

and

() 2

%,1 = CD ~~ ~

~)

0.707 2= 0.01 —0.828

= 0.0134

A

-.
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Recalculationof DataFromReference3

The conditionstobe assumedareas follows:

Airfoil. . . . . . . . . . . . . . . . . . . . . . . . NGTE1024/3oc50
Bladesettingangle, ~,deg . . . . . . . . . . . . . . . . . . -51
Pitch-chordratio, s/c.. . . . . . . . . . . . . . . . ● ● . . 1.0
Bladeinletangle, Bl,deg. . . . . . . . . . . . . . . . . . . 66—
Bladeoutletangk, Pz,deg . . . . . . . . . . . . . . . . . . 36
Air-inletangle, al,deg. . . . . . . . . . . . . . . . . . . . 60
Incidence,i,deg . . . . . . . . . . . .:-. .“j. . . . . . . -6

Itwas necessaryto cross-plotthedatafromreference3 in orderto
obtainnominalincidenceandnominalturninganglesat intermediateair-
outletangles.Figure20 is a plotof nominalincidenceagainstair-
outletangleandfigure21 is a plotof nominalde~lectionagainstai~-
outletangle.

Firsbapproximation.-Let

a2 = 46.0°

thenfromfigure20,

i* = -0.70

andfromfigure21,

..

-a

Thus,

i-I*-6- (*., 7)— =E* 19*5

.Sx!
19.5

= -0.272

Fromfigure9 of reference 11,

e— = 0.740C*
.

. .
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By substitution,

E= 0.740 x 19.5

= 14.40

and,by definition,

=60 -14.4

= 45.6°

as comparedwiththeassumedvalueof 46.00.

Secondapproximation.- Let

* = 45.4° ‘

thenfromfigure20,

i* = -0.80

andfromfigure21,

e+ = 19.50

Thus,

i-i* -6- (-0.8)=
E* 19.5

-5.2=
19.5

= -0.267

Fromfigure9 of reference11,

19

E— = 0.745E*
>

--
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Bysubstitution,

and,by definition,

as comparedwiththeasswed

Then,by definition,

tan~

= 0.745 x 19.5

= 14.50

%2=q-E

=60 -14.5

= 4’3.50

value of 45.4°.

( )~ tanal + tana2

%.732 + 1.0M5)
2

1.374

and

Fromfigure9 of reference11,

and

~ =0.0213

()

Cosa= 2
c~ ~ =0.0213> Cos~

()

2
= 0.0213-Q-0.588

=0.0213 xO.724

= 0.0154

NACATN 3937
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APPENDIXB

CASCADEFORCE-ANALYSISEQUATIONS

Thetwo-dtiensionalresultantforceon a bladein cascadeis the
vectorsumof allthepressureandmomentumforcesexertedby thefluid.
TheNACAforceequationsconsidertwoforcesto acton a Made in the
axialdirection- thepressureforcedueto thepressureriseacrossthe
cascadeandthemomentumforcedueto theaxial-velocitychsnge. (NACA
symbolsareusedthroughoutthisappendix.)Theseequationsas obtained
fromreference9 are

( )Fp= p2-plbg (1)

‘M,a
(

= ‘Va,l‘a,2,s‘va,~)bg+ ~pva,~b~a,, -va,~,s)~ (2)

Themomentumforceis thesumof momentumchangesmeasuredin the
wakeand in thefreestream. W theaxialdirectiontheBritishsystem
(ref.7) showsapressureforcecomputedfromthemeasuredairangles
andthemesmtotalpressurelossacrossthepassage~. Sincetheaxial
velocityVa is assumedto be constant,thereis no momentumforcein
theaxialdirectionand (fromref.7)

‘P (=P2- P@3

= [( )]~p‘1,R2- ‘2,~2 -~bg

(3)

h thetangentialdirection,theNACAeqpationshowsa manentw
forcewhichis thesumof themcmentumforcesin thewakeandfreestresm
dueto thechangein tangentialvelocityaudis (fromref.9)

&

--
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‘M,9 (
= Pva,I ‘O,l,R”- %,2,R,s)~g+~ %,2~(%,2,R,s - %,2,R)*

In theBritishsyst-emthetangential
measuredairanglesandis (fromref.7)

(4)

forceis.@rived fromthe

( )‘M,e= ‘vave,l,R- ‘e,2,Rbg= ~va (
2 tanj31

)
- tan~2bg (5)

Whentheaxialandtangentialforcesareknown,theresultantblade
forcemaybe foundand,subsequently,theliftanddragforces. Inboth
systemstheliftanddragforcesarethecomponentsof theresultant
bladeforceperpendicularandparallelto thevectormeanvelocity,
respectively(re&9). It is alsotobe notedthattheBritishlift
anddragcoefficientsarebasedon ~; whereastheNACAcoefficients
arebasedon ql. In orderto checktheagreementof theforcescom-
putedby theBritishandNACAequations,severalsetsof cascadecondi-
tionsincludingturninganglesandwakeshapeswere%ssumed.For the
assumedvalues,liftanddragcoefficientsbasedon ql werecomputed

by bothBritishandNACAequationswiththeresultspresentedin the
followingtable:

$1 = 45° pl =. 60°

c1 cd Cz cd

0 s 1.0; e s 20°

NACA 0.627 0.0440 0.708
.627

0.0122
NGTE .0469 .711 .0132

5 = 1.0; e = 25°

NACA 0.742 0.0350 o.794– 0.ol.!52
NGTE .745 .0383 .792 .0160

..

-T

TheBritishequationsindicateslightlyhigherdragcoefficientsthan
theNACAequations(by5 tu10 percent),thelift-coefficientsbeingin G
goodagreement ... —

-.
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TABLEI

ORDINATESFORNGTE10C4/30C50SECTION

L 1Stationsandordinatesinpercentof chord

Convexsurface Concavesurface

Stationx Ordinatey Stationx Ordtnatey

o 0 0
.834 1.925 1.666 -~.268

1.942 2.&8 3.058 -1.543
4.283 4.265 5.717
6.707

-1.726
5.428 8.293 -1.637

9.168 6.330 10.832 -1.535
14.175 7.862 M.825 -1.088
19.250 9.014 20.750 -.529
29.483 10.520 30.517 .573
39.747 11.209 40.253 1.442
50.oao 11.154 50.000 2.014
60.210 10.370 59.790 2.281
g. ;:: 8.899 69.651 2.195

. 6.752 79.606 1.733
9Q.331 3.963 89.669 .832
95.247 2.300 94.753 .239

100.000 0 100.000 0

L.lZ.radius = 1.200 EWpetiou@ L.E.radius= o.268Q
T.E.radius= 0.600 sbpe throu@ T.E.radius= -0.2680

..

“<

--
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TABLEII

ORD-WTESFORNACA65-(12A10)10SECTION

[ 1StationsandordinatesIn percentof chord

Convexsurface Concavesurface

Stationx Ordinatey Stationx Ordinatey

o 0 0 0
.161 .971 .839 -.371 ‘
.374 I.227 1.u6 -.387
.817 I.679 I.683
L 981

-.395
2.599 3.019 -.367

:.39; k.035 5.601 -.243
5.178 8.132 -.090

9:361 6.147 10.639 .057
14.388 7.734 m.6u .342
19.477 8.9!58 20.553 .594
24.523 9.915 25.477 .825
29.6u 10.640 :;.:$ 1.024
34.706 11.153 1.207
39.804 U. 479 40:196 1.373
44.94 11.598 45.096 1.542
50.000 11.488 50.000 I.748
55.087 U. 139 54.913 2.001
60.161 10.574 59.839
65.214

2.278
9.801 ;;.;5~ 2.559

70.245 8.%0 2.804
75.256 7.8Q8 74:744 2.932
~.242 6.607 ;;.755 2.945
85.2o4 5.272 2.8o4
5Q.154 3.835 89:846 2.369
95.096 2.237 94.904 1.555
100.068 .134 99.932 -.134

L.E.radius= 0.666 SlopethroughL.E.radius= 0.505

./

--
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Figure2.- Photographof5-inchcascadetunnel at the Langley Laboratory
withpertionsremovedto reveal the pIXOUS SW frees.



65-(t2A~)lo

.012c l&rod. .006 c T,~ rod,

loc4/3oc50

Figure3.-NACA67-(Mlo) 10andlWTE10C4/5CC~compressorBections.
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